Previous studies of the chemically peculiar Bp star 36 Lyn revealed a moderately strong magnetic field, circumstellar material, and inhomogeneous surface abundance distributions of certain elements. We present in this paper an analysis of 33 high-signal-to-noise ratio, high-resolution Stokes IV observations of 36 Lyn obtained with the Narval spectropolarimeter at the Bernard Lyot telescope at Pic du Midi Observatory. From these data, we compute new measurements of the mean longitudinal magnetic field, B ℓ , using the multi-line least-squares deconvolution (LSD) technique. A rotationally phased B ℓ curve reveals a strong magnetic field, with indications for deviation from a pure dipole field. We derive magnetic maps and chemical abundance distributions from the LSD profiles, produced using the Zeeman Doppler Imaging code I LSD. Using a spherical harmonic expansion to characterize the magnetic field, we find that the harmonic energy is concentrated predominantly in the dipole mode (ℓ = 1), with significant contribution from both the poloidal and toroidal components. This toroidal field component is predicted theoretically, but not typically observed for Ap/Bp stars. Chemical abundance maps reveal a helium enhancement in a distinct region where the radial magnetic field is strong. Silicon enhancements are located in two regions, also where the radial field is stronger. Titanium and iron enhancements are slightly offset from the helium enhancements, and are located in areas where the radial field is weak, close to the magnetic equator.
INTRODUCTION
Magnetic chemically peculiar late B-and A-type (Ap/Bp) stars are characterized by large-scale, stable, often dipole-dominated magnetic fields and the presence of elemental surface inhomogeneities, or chemical "spots". The appearance of such spot features is likely a consequence of the magnetic field modifying the typical mixing processes within the stellar outer envelope and atmosphere. The standard model that describes the variability of this class of stars is the oblique rotator model (Babcock 1949; Stibbs 1950) , which describes a rotating star whose magnetic axis is at ⋆ Based on observations obtained at the Telescope Bernard Lyot (USR5026) operated by the Observatoire Midi-Pyrénées, Université de Toulouse (Paul Sabatier), Centre National de la Recherche Scientifique of France.
† E-mail:moksala@callutheran.edu an angle, or obliquity, to its rotational axis. By exploiting the rotation of these systems, Ap/Bp stars are typically studied using Zeeman Doppler imaging (ZDI) techniques to map the chemical surface and magnetic field structure of individual stars through a time-series of spectropolarimetric observations. Recently, the number of Ap/Bp stars for which the magnetic field has been reconstructed using high-resolution spectropolarimetry has increased to ∼10 (Kochukhov et al. 2014 Kochukhov & Wade 2010; Rusomarov et al. 2015; Silvester et al. 2014a Silvester et al. ,b, 2015 . The magnetic geometry and the geometry of the chemical abundance inhomogeneities in Ap/Bp stars give key insight into the physical mechanisms governing the global magnetic field evolution in stellar interiors (Braithwaite & Nordlund 2006; and for testing theories of chemical diffusion (Alecian 2015; Stift & Alecian 2016; Alecian & Stift 2017) .
36 Lyn (HD 79158, HR 3652) is a well-known mag- Table 1 . Log of the Narval spectropolarimetric observations, magnetic field measurements, and Hα equivalent width (EW) measurements for 36 Lyn. Column 1 gives the heliocentric Julian date (HJD) of mid-observation. Column 2 lists the rotational phase according to the ephemeris determined in this work. Column 3 provides the peak signal to noise ratio (SNR) per 1.8 km s −1 per spectral pixel in the reduced Stokes I spectrum. Columns 4 and 5 report the SNR in the Stokes I and Stokes V LSD profiles for a velocity step of 3 km s −1 . Columns 5 and 6 show the longitudinal magnetic field computed from LSD Stokes V (B ℓ ) and N (N ℓ ) profiles, along with their associated formal errors (σ B and σ N ). Column 7 lists the measured Hα EW values and the associated 2σ error. Edwards (1932) , and the star was identified as a member of the He-weak class of late B-type stars by Searle & Sargent (1964) . Subsequent studies of 36 Lyn's properties followed in optical spectroscopy (e.g., Mihalas & Henshaw 1966; Sargent et al. 1969; Cowley 1972; Molnar 1972; Ryabchikova & Stateva 1996) , UV spectroscopy (Sadakane 1984; Shore et al. 1987 Shore et al. , 1990 , spectrophotometry (Adelman & Pyper 1983) , optical photometry (Adelman 2000) , and radio (Drake et al. 1987; Linsky et al. 1992 ).
The magnetic field of 36 Lyn was first detected in a study of He-weak stars by Borra et al. (1983, hereafter B83) , which followed from a successful study detecting magnetic fields in the hotter He-strong stars (Borra & Landstreet 1979) . The two observations measuring circular polarization in the wings of the H β line produced one clear longitudinal magnetic field detection at the 3.8σ level (B ℓ = 1315 ± 340 G). Shore et al. (1990, hereafter S90) followed up this discovery with a set of 22 H β magnetic observations, confirming the detection by B83, measuring variability of ±900 G in the B ℓ values and suggesting that the field has a dominant dipolar component. From examining the available IUE data, S90 also detected the presence of circumstellar material, due to the confinement of the weak stellar wind by the magnetic field.
With the advent of newly developed instrumentation, Wade et al. (2006, hereafter W06) obtained 11 circular polarization (Stokes V ) and 8 linear polarization (Stokes QU) observations with the MuSiCoS spectropolarimeter (R∼35000), as well as 3 additional H β polarimetric observations. There was no significant signal detected in the linear polarization observations, but the Stokes V signatures and their variability were clear. The study found overabundant surface spots of Fe and Ti and a complex (i.e., not purely dipolar) magnetic field. Using the same MuSiCoS spectra and IUE spectra, Smith et al. (2006) confirmed the presence of circumstellar material, and determined the material was located in a disk structure, similar to structures reported previously to exist around hotter magnetic Bp stars, such as σ Ori E (e.g., Walborn 1974; Groote & Hunger 1976) .
In this paper, we present an analysis of 33 new high-resolution circular polarization observations of 36 Lyn. Section 2 describes the obtained observations and their reduction. The computation of the longitudinal magnetic field, including an analysis of the rotational period, is presented in Section 3. In Section 4, we describe the Doppler mapping technique and present the results of the magnetic field structure and chemical abundance distributions. We discuss our results and make final conclusions in Section 5.
OBSERVATIONS
We have obtained 33 high-resolution (R∼65000) broadband (370-1040 nm) circular polarization spectra of 36 Lyn using the Narval spectropolarimeter on the 1.9-m Bernard Lyot telescope (TBL) at the Pic du Midi Observatory in France. Each observation consisted of four sub-exposures taken with different configurations of the polarimeter. The total exposure time for each observation was 4x360s, with ∼40s readout time between each exposure. The observations were obtained over the period from March 2009 to January 2016. The observation details are given in Table 1 .
The reduction of the data was performed with the LibreESpRIT package (Donati et al. 1997) , including bias, flat-field, and ThAr calibrations. The reduction constructively combines the subexposures to yield the Stokes I (intensity) and Stokes V (circular polarization) spectrum. The sub-exposures are also combined destructively to produce the null (N) spectrum, which diagnoses any spurious contribution to the polarization measurement.
The reduced intensity spectra were normalized order by order using spline functions in the task continuum within IRAF 1 . The resulting normalization functions were then applied to the corresponding orders in the Stokes V and N spectra.
LONGITUDINAL MAGNETIC FIELD

B ℓ measurements
The least-squares deconvolution multi-line technique (LSD; Donati et al. 1997 ) was applied to the normalized spectra to produce average Stokes I, N, and Stokes V line profiles. These profiles are obtained using an inversion technique which models the observations as a convolution of a mean profile and a line mask containing the wavelength, line depth, and Landé factor of all the lines in a given wavelength range. The resulting mean LSD profiles (interpreted in this section as single line profiles with a characteristic depth, wavelength, and Landé factor) are significantly higher in signal-to-noise ratio (SNR) than individual lines (Table 1) . The LSD procedure propagates the formal error associated with each spectral pixel throughout the deconvolution process.
For 36 Lyn, the line mask was developed starting from a VALD line list (Piskunov et al. 1995; Ryabchikova et al. 2015) corresponding to T eff = 13000 K and log g = 4.0, and assuming solar abundances. The line list included all lines with predicted depths greater than 10% of the continuum. The line mask was subsequently cleaned of all hydrogen lines, lines blended with hydrogen, and regions of telluric contamination. This "cleaned" mask was then applied to each individual spectrum, after which the mask was "tweaked" to adjust individual line depths to their proper values. This tweaking allows, in particular, to account for non-solar abundances. This procedure is explained in detail by Grunhut et al. (2017) . All the tweaked masks were then averaged to produce a final mask, which was used to obtain the final LSD line profiles. Approximately 1630 spectral lines were averaged to obtain the final profiles, dominated by Fe features, but containing a multitude of metal (Ti, Si, O, C, Ne, etc.) and helium lines. The null profiles of all observations were flat, and the Stokes IV LSD profiles computed using solely Fe features (∼950 Fe lines), but nearly identical to those obtained with all lines, are shown in Fig. 1 .
From the LSD-averaged Stokes I and V line profiles, the longitudinal magnetic field is computed using the first moment of Stokes V about its center of gravity:
where I c is the continuum value of the Stokes I profile, g is the Landé factor (SNR-weighted mean value for all the included lines) and λ is the mean wavelength in nm (Donati et al. 1997; Wade et al. 2000) . This value is similarly computed for the LSD-averaged N profile. The integration range that was used in this computation was ± 60 km s −1 from the measured central point of the average intensity profile. The computed values of B ℓ for Stokes V and N are listed in Table 1 , along with their corresponding error bars. Each Stokes V observation was found to be a definite detection (DD) based on the false alarm probability (FAP) discussed by Donati et al. (1992 Donati et al. ( , 1997 .
Period analysis
With the addition of a new epoch of data, the rotational period of 36 Lyn was revisited to determine any possible changes, or more likely, any improvement in precision. As a first step, we analyzed the magnetic data from all possible epochs to achieve the longest possible time baseline. The computed longitudinal magnetic field values (B ℓ ) and their corresponding error bars (σ B ) listed in Table 1 , combined with the historical measurements of B83, S90, and W06, were input to the period searching program FAMIAS (Zima 2008) . FAMIAS can be used to perform a simple period search within the data set using a Fourier 1D analysis. A least-squares fit to the data, using a Levenberg-Marquardt algorithm, produces the formal statistical uncertainties. For the magnetic observations of 36 Lyn, the analysis results in a period of 3.83484 ± 0.00003 days. This period was confirmed using Period04, which performs a similar Fourier analysis combined with a least-squares fit (Lenz & Breger 2005) . The period determined from all of the available B ℓ measurements is consistent with the period determined by S90 (3.8345 ± 0.001 d) from their B ℓ data, as well as the period determined from the photometric variation by Adelman (2000, 3.834 d) . It is, however, inconsistent with both of the periods determined by W06 from a similar B ℓ analysis (P = 3.83495 ± 0.00003 d) and from an analysis of the Hα equivalent width (EW) variation (P = 3.83475±0.00002 d). W06 find that the period determined from the magnetic data did not phase the Hα variation coherently, and therefore they adopted the shorter period associated with the Hα variation as the rotational period of the star.
With the new high-resolution Stokes I spectra in this study, we investigated the period obtained from the variation of the EW of Hα, similar to the analysis strategy of W06. Adding to the set of Hα data presented by W06 (see their Table 1 for more information), we analyzed the entire set of EW measurements, including the 33 new data points from our spectra, whose values and error bars were obtained using the same procedure as W06 (listed in Table 1 ). The advantage to using Hα line variability as a period diagnostic is that the core of the line changes depth quite sharply and consistently throughout the several decades of observations, as a result of the eclipsing of the stellar disk by circumstellar material within the magnetosphere. The period of rotation of the star can therefore be measured with high precision, as any shift in period would cause data to scatter from the sharp peak. We find that a period of 3.83476 ± 0.00004 provides the best fit for this multi-epoch data, as shown in Fig. 2 . Our new measurements fit well with the historic data, particularly in the location of the sharp peak in EW. The error bars were determined from the eventual obvious shift of data out of phase, given the long time baseline. This period is consistent with the value found by W06 from their Hα EW analysis.
Least-squares harmonic fits to the magnetic data were obtained using as fixed frequencies both the rotational period determined from the Hα EW measurements and the period obtained from our initial analysis using FAMIAS. The fit using the Hα EW-determined period yields a lower χ 2 red value (3.75 vs. 4.75) than for the fit using the period determined using solely the magnetic data. The EWdetermined period is therefore consistent, phasing well both the EW variations and the magnetic measurements over a time span of ∼38 years. The variability of the magnetic field is more subtle than the sharp peak of EW for Hα, possibly contributing to the erroneous results of the FAMIAS and PERIOD04 programs. In addition, the magnetic field measurements have been obtained with not only a variety of measurement techniques, but also different details of the analysis methods (i.e., a different line mask for our data vs. that used by W06). Inconsistency could lead to ambiguity in the rotational period, and the more homogeneous sample of Hα measurements produces a dependable and more accurate determination.
For the remainder of our analysis, we therefore adopt a rotational ephemeris of:
where the HJD 0 value was determined from the Hα variability by W06. Figure 3 shows the entire set of historic longitudinal magnetic field data plotted according to the above determined ephemeris. The plot shows good agreement between current and historical measurements, although there is ambiguity as to the minimum value. The error bars of the historical data, however, are larger by factors ranging from 5 to 20. There may be additional disagreement between the measurements which consider metal and helium lines (this work and W06) versus those obtained from the wings of H β (S90 and B83). Larger longitudinal values obtained from hydrogen lines have been documented in a number of studies (e.g., Bohlender et al. 1987; Yakunin et al. 2015) .
B ℓ curve
Considering only the new dataset of B ℓ measurements and the determined ephemeris, a first order least-squares harmonic fit was compared with the data, and is plotted as the solid red curve in Fig. 4 . This simple sinusoid does not well fit the data and results in a poor fit with χ 2 red = 42.7. The data is better fit by a second order fit, shown in the same figure as a blue dashed-dot curve, which gives χ 2 red = 4.5. Comparison of these fits implies that the magnetic field is not well represented by a pure dipole structure, and that higher order (i.e. quadupole, octopole, etc.) components may be present. The longitudinal field measurements, however, while useful to determine the presence of a magnetic field, do not allow us to determine the details of the magnetic field configuration. In the next section, we describe the procedure to extract this information from a ZDI analysis of the Stokes I and V line profiles. 
MAGNETIC AND CHEMICAL INVERSIONS
Inversion technique
To reconstruct the magnetic field of 36 Lyn, we performed inversions of Stokes IV using I LSD, a version of the INVERS code which utilizes LSD averaged line profiles. The details of this code are described by Kochukhov et al. (2014) and Rosén et al. (2015) . LSD profiles were re-derived using iLSD ), a code which reconstructs multiple mean profiles from a single spectrum and uses regularization to reduce numerical noise within the LSD profile. The utilization of iLSD allows for consistency and the correct formatting for inclusion into the inversion input files. To extract the Fe iLSD profiles, we used a line mask containing 1480 Fe lines. As discussed by Rosén et al. (2015) , I
LSD uses interpolated local profiles which have been pre-computed, rather than performing the polarized radiative transfer calculations in real time, allowing for a quick solution convergence. Within the inversion code the magnetic field topology is parametrized in terms of a general spherical harmonic expansion (up to the angular degree ℓ = 10 in this study), which utilizes real harmonic functions, again described by Kochukhov et al. (2014) . To facilitate convergence to a global χ 2 red minimum a regularization function is used, in the case of spherical harmonics this function limits the solution to the simplest harmonic distribution that provides a satisfactory fit to the data. A map of one additional scalar parameter, in this case Fe abundance, is reconstructed simultaneously with the magnetic field with the aid of Tikhonov regularization (e.g., . The spherical harmonic coefficients in the final model (truncated at ℓ = 5) are listed in Table 2 .
Mapping the stellar surface requires accurate values of the projected rotational velocity (v e sin i) and the inclination angle (i, between the rotational axis and the line of sight) as input. To determine these properties, we started with those reported by Wade et al. (2006) and investigated, within the uncertainty range reported, which values gave the smallest deviation between the model spectra and the observations. We found the following parameters: i = 60 • ± 10 • and v e sin i = 49.0 ± 1.0 km s −1 . These values are consistent with those found by W06 (i ≥ 56 • and v e sin i = 48 ± 3 km s −1 ).
For the final inversions, the level of regularization implemented was chosen by a stepwise approach. Initially, the regularization was set to a high value, but with each inversion, or each successive step, the restriction or value of regularization decreased (Kochukhov 2017) . The final regularization level was chosen at the point where the fit between the observations and the model was no longer significantly improved by further decrease of the restriction. This approach was used both for the magnetic and abundance maps.
With the final magnetic field geometry (Fig. 5 ) determined from the LSD inversions (Fig. 1) , we then derived surface chemical abundance maps modeling Stokes I profiles of individual spectral lines with the 10 code (e.g., Kochukhov & Piskunov 2002, see Fig. 7) . Because of the complexity of dealing with blends, we focused on unblended lines, resulting in a very small number of elements for which we could derive chemical maps. The final abundances mapped were He, Si, Ti (derived from individual line profiles), and Fe (derived from LSD profile inversions). The method to derive the abundance maps took the magnetic field previously derived from the average line inversions and included its influence on the line formation in the abundance mapping, with the 10 code only adjusting the abundances.
Magnetic field structure
The final magnetic field map shown in Fig. 5 reveals a relatively simple structure. Overall, the magnetic field is dipolar in structure with prominent radial field regions located near the rotational equator at phases 0.4 and 0.6. A graph of the harmonic energy levels in shown in Fig. 6 , with these values in each harmonic reported in Table 3 . 90% of the magnetic field energy is in the first harmonic (ℓ = 1), confirming that the field geometry is primarily dipolar. However, the dipolar (ℓ = 1) harmonic has a large toroidal component (36%); this is a much larger contribution than has been observed to date in other Ap/Bp stars that have been mapped with a similar method (e.g., Kochukhov et al. 2014; Rusomarov et al. 2015 Rusomarov et al. , 2016 Silvester et al. 2015) . This toroidal component can also be identified in the vector field map in Fig. 5 , where the magnetic vectors mark out a ring-like pattern around the star, somewhat parallel to the equator. This toroidal component is necessary to properly fit the observed Stokes V line profiles, and a significantly poorer fit is obtained without its inclusion. This is illustrated in Fig. 1 for the Fe LSD profiles, where the model without a toroidal component exhibits a poorer fit to the data. Likewise, the profiles cannot be fit by limiting the inversions to a purely dipolar (ℓ = 1) or dipolar plus quadrupolar (ℓ = 2) structure.
Chemical abundance distributions
Helium and silicon
The helium abundance distribution obtained from the Stokes I profile of the He λ 4713 line (Fig. 7) varies from -0.80 to -2.30 dex in log N el /N tot units (the solar value is -1.11 dex), with a large enhancement located near the rotational equator at a phase of 0.40. This enhancement appears to overlap with the strongest positive radial field feature in the magnetic map (Fig. 5) . The fit of the model profiles to the observations is shown in Fig. 8 . The silicon abundance distribution inferred from the Stokes I line profile fit to the Si λ 4130, 5055, and 5978 lines varies from -4.00 to -4.90 dex (solar = -4.53 dex). There are 3 large areas of slight enhancement (compared to the solar abundance) around the stellar equator. These enhancements seem to be located in areas where the radial magnetic map is strong (Fig. 5) . Again, the fits of the model profiles to the observations are shown in Fig. 8 .
Titanium and iron
The titanium abundance distribution was determined using Stokes I profiles of Ti λ 4563, 4571, and 4779 lines. The abundance ranges from -4.20 to -5.50 dex (solar = -7.09 dex). The Ti map (Fig. 7) shows slightly elongated structures of both enhancement and depletion. The areas of the largest enhancement are located close to where the radial field is weak (the magnetic equator). The depleted regions appear to center on regions where the radial field is stronger. The fits of the model profiles to the observations are shown in Fig. 9 . In the case of iron, the element distribution derived from the LSD model fit ( Fig. 7 ; ranging from -3.00 to -3.80 dex, solar = -4.54 dex) is similar to what is observed for titanium. Large enhancement areas are found close to the magnetic equator and also located near weak regions of the radial field. The fit between the observations and the model profiles is shown in Fig. 1 .
DISCUSSION AND CONCLUSIONS
Current theoretical diffusions models by Alecian (2015) predict that abundance enhancements should be located in regions where the surface field is primarily horizontal, or in regions where the radial magnetic field is weak. The derived abundance map of He indicates enhanced abundance in a distinct region where the radial magnetic field is strong, which is incompatible with the theoretical predictions, although their models do not address He behavior specifically. A similar effect is seen for the Si abundance, but with enhancements throughout the entire region of strong radial field, also in contrast with predicted diffusion behavior. For the elements titanium and iron, the enhancements are slightly offset from the helium enhancements, located in areas where the radial field is weak, close to the magnetic equator, in qualitative agreement with the theoretical modeling by Alecian (2015) .
The magnetic field maps derived for 36 Lyn indicate that this star has a dipole-dominated field geometry, with a simpler structure compared to what is reported for other Ap/Bp stars mapped with four Stokes parameter data in a similar temperature range (e.g, HD 32633 and α 2 CVn). However, 36 Lyn does have a large toroidal component in the ℓ = 1 mode, something which has not typically been seen in such stars. Without the inclusion of Stokes QU spectra, however, the derived field maps are unable to reveal any small-scale structure that may also be present .
It was suggested by Silvester et al. (2015) and Rusomarov et al. (2016) that there is a slight trend for more complex fields to be Table 3 . Distribution of poloidal (E pol ), toroidal (E tor ), and total magnetic field energy over different harmonic modes for the best-fitting magnetic field map of 36 Lyn. (Kochukhov & Wade 2010; Silvester et al. 2014a,b) , CU Virginis (Kochukhov et al. 2014) , HD 32633 (Silvester et al. 2015) , and HD 125248 (Rusomarov et al. 2016) . Each of these stars were mapped using all four Stokes parameters, IQUV , with the exception of CU Virginis, which was studied with Stokes IV observations. For comparison, the magnetic field we derive for 36 Lyn is simpler than the configuration found for CU Vir, which has ∼20% of its energy in the ℓ = 2 mode, compared to ∼5% for 36 Lyn. The complexity of the magnetic field of 36 Lyn lies somewhere between these aforementioned stars and the simpler geometry seen in cooler stars, e.g., the roAp star HD 24712 (DO Eri; Rusomarov et al. 2015) and HD 75049 , with the notable exception that the large toroidal component is not typically detected in such cooler stars. The detection of a significant toroidal component to the magnetic field structure provides observational validation of previous theoretical works that indicate purely poloidal and purely toroidal fields are unstable on their own (Markey & Tayler 1973; Braithwaite 2007) . Simulations by Braithwaite (2009) and (incorporating the analytical theory developed by find that the ratio of poloidal magnetic energy to the total magnetic energy, E p /E, is required to be between 0.04 and 0.8 to ensure that the field remains stable. E p /E = 0.634 for the magnetic field of 36 Lyn, satisfying the theoretical mixed field requirement. The presence of a surface toroidal field component, however, is not currently predicted by these studies, and thus its observation is surprising.
There are stars, such as HD 37776 (Kochukhov et al. 2011 ) and τ Sco (Kochukhov & Wade 2016) , which have very complex fields, and also show significant toroidal field components. However, the contribution from harmonics larger than ℓ = 1 is significant in these stars. This makes 36 Lyn currently a unique case, combining a very simple geometry with a large toroidal component in ℓ = 1. The extension of spectropolarimetric observations to Stokes QU parameters could potentially help confirm the authenticity of this large toroidal component. However, the observations reported by W06 found no signal in linear polarization, indicating that for this star a much higher SNR in linear polarization is required for useful Stokes QU data.
The question for future studies remains, why are we able to detect such a significant toroidal component for 36 Lyn, but not for similar stars, with similar magnetic topologies? Work on this problem should consider whether all similar field topologies have significant toroidal components, and if so, in which particular situations are we are able to detect their observational signatures. use of the SIMBAD database, operated at CDS, Strasbourg, France and NASA's Astrophysics Data System Bibliographic Services.
